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Abstract

The aim of this article is to present a single photon counting technique applied to the imaging atmospheric Cherenkov telescopes as an
alternative to the charge integration technique used by most experiments in the field. A comparison of the two techniques has been per-
formed, assuming suitable and realistic telescope layouts but different methods to treat and convert the electrical signals at the output of
the light sensors. A set of y-ray induced showers, with primary energies ranging from 300 GeV to 10 TeV, has been simulated for this
comparison. The study has been performed both for a single telescope and for a three-telescope array. The results show, in both cases,
considerably higher trigger efficiencies in the single photon counting method, with respect to the analog one, particularly at the lowest
energies. Single telescope energy thresholds for the two methods are also reported and discussed.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The imaging atmospheric Cherenkov (IAC) technique is
an advanced and successful method to detect extensive air
showers (EAS) by measuring the Cherenkov light produced
by primary photons/particles crossing the Earth atmo-
sphere [1,2]. This technique opened a window to the
ground-based y-ray astronomy in the very high energy
(VHE) range (from 50 GeV up to more than 10 TeV) and
is still continuously improving detection performance and
sensitivity. Nowadays, after the pioneering work of Whipple
[3]and HEGRA [4], a variety of experiments are operating
and produce important and exciting results (CANGAROO-
II1 [5], VERITAS [6], MAGIC [7], H.E.S.S. [8]).

Basically, an imaging atmospheric Cherenkov telescope
consists of an optical system with few degrees field of view
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(FoV < 5°) and of a multi-pixel camera placed at its focus.
In order to achieve a good sensitivity at the lowest energies
and accurate estimation of nature, direction and energy of
the primary, the collecting area of the optical system has to
be of the order of many tens of square meters and the pixel
size of the camera must be around 0.2°. A configuration
with more than one telescope is actually preferable: the
stereoscopic approach strongly improves the general per-
formance (angular and energy resolution, hadrons discrim-
ination, core location resolution) and minimizes the rate of
events triggered by the diffuse night sky background (NSB)
light and single muons; furthermore, a larger detection arca
is achievable.

Many authors [9] have emphasised the importance of
using fast photon sensors and fast electronics to disentan-
gle the Cherenkov light, which is produced coherently in
space and time (of the order of 10 ns), from the incoherent
but significantly fluctuating NSB light. The photon sensors
currently used are photomultipliers (PMTs); they guaran-
tee a fast response (of the order of 2ns) to incoming
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photons, good gain, quantum efficiency of about 20%, low
intrinsic noise (dark current), easy assembling and mainte-
nance. Front end, read-out and trigger electronics shape
and amplify the analog pulses from the light sensors in
the focal plane, digitalize them for the read out and data
buffering, and perform the trigger decision.

Considerable efforts were made in the past to improve
the sensitivity at the lowest energies, mainly designing sys-
tems with increased optical collection area, higher focal
plane pixelization and use of several telescopes. Not many
attempts have considered the possibility of a different
approach regarding the conversion of light into electrical
signals and their processing. In this paper we develop the
basic concept and the implementation of an approach
based on the Digital single photon counting (SPC) method
as alternative to the Analog charge collection method cur-
rently used in imaging atmospheric Cherenkov experi-
ments. The comparison of performance between these
two types of signal processing will allow to establish, pre-
liminarily, benefits and limits of the proposed approach
and, consequently, to assess the technical feasibility and
costing. As detailed below, the comparison is made for
realistic and comparable telescope layouts, obviously
changing the signal collection and processing method.

This paper is organized as follows: Section 2 describes
the various assumptions used in the comparison; the simu-
lation chain is described in Section 3; the results are
detailed in Section 4, followed by a discussion and conclu-
sions in Section 5. The crosscheck between experimental
data and pulse simulation is given in Appendix.

2. Working assumptions

In order to simplify the comparison and the interpreta-
tion of the results, let us consider two identical hypothetical
arrays labeled A (using Analog mode) and D (using Digital
mode). The geometry of the A and D arrays is kept identi-
cal, as well as the basic structure of each telescope: the opti-
cal system and the PMT detectors are exactly the same, and
consequently the total detection efficiencies are equal. The
main difference existing between A and D is obviously the
way the electrical signals from the anodes of the PMTs
are treated: in A the charge is collected, and in D the signal
photons are counted. Moreover, while for configuration A
we have chosen a pixel size matching what is currently used
in most IAC experiments, in configuration D pixels with
half that size were considered. The smaller pixel size for
configuration D is necessary to minimize the photon pile-
up probability per pixel which limits the SPC method. With
current telescopes this is about 20% at 1 TeV. A break-
down of the working assumptions, together with the
related set-up values, is given below.

2.1. Telescopes array geometry

Three identical imaging Cherenkov telescopes, posed at
the vertexes of an isosceles triangle (80 m height, 80 m
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Fig. 1. Schematic view of the hypothetical array.

basis) form the array considered in this study, as sketched
in Fig. 1.

2.2. Optics

The telescopes have the f-number = 1.2 and 3.5 m? col-
lecting area. The optics considered in the simulations refers
to the H.E.S.S. optics [8] with the point spread function
(PSF) as given in Fig. 2.

2.3. Focal plane
The focal plane is formed by 10 x 10 multi-anode

photomultipliers (MAPMT), Hamamatsu R7600-03-M64
[10], covering a FoV of 6.4 x 6.4 square degrees. Each
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Fig. 2. Point spread function: standard deviation vs. the angular distance
from the optical axis.
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MAPMT, coupled with light guides, has a matrix of 8 x 8
pixels with a resulting pixel dimension of 3.25 mm corre-
sponding to 0.08° subtended angle for the D configuration.
In array A, the pixels are grouped 2 x 2, so resulting in
6.5 mm and 0.16° subtended angle. A total of 6400 pixels
results for D, and 1600 pixels for A. The number of PMTs
remains unchanged for both the configurations and they
are supposed to operate at negative high voltage and same
gain.

2.4. Front-end and trigger electronics

Front-end and trigger electronics are the elements that
mainly distinguish the two configurations. A concise
description of the electronics and related functions in each
of the two hypothetical arrays follows.

2.4.1. A configuration

The pixel front-end electronics is organized as a chain
made of an inverting 1 GHz preamplifier, a shaping filter
and a 1 GHz to 10 bits FADC (fast analog-to-digital con-
verter). This electronics chain allows the conversion of
the electrical pulse (accumulated charge) to ADC counts.
The relative measurement provided by ADC counts is then
converted to equivalent pes (photo-electrons) knowing the
mean charge produced by a single pe. The mean pe charge
can be statistically measured with the SER (single electron
response) technique. Finally each pixel, sampled every
GTU (gate time unit), 10 ns wide, is recorded in a cycle
memory with the relevant position, relative time and equiv-
alent pe number. Trigger logics is implemented on sectors
of 8 x 8 pixels, with sector overlap of 4 pixels pitch in
the left, right and diagonal directions, corresponding to
81 equivalent sectors. A trigger is generated when a
required number of pixels has signals above a defined
threshold.

2.4.2. D configuration

The pixel front-end electronics is constituted by an
inverting 1 GHz preamplifier, a discriminator, and a pulse
former. To reproduce faithfully the anode-pixel pulses, a
high-speed linear inverting preamplifier is directly con-
nected to each anode. An adjustable threshold discrimina-
tor shapes the amplified pulse to a standard digital logic
level. This signal is sampled every GTU of 10 ns and ready
to be recorded. At any GTU the map of the 64 pixels of all
the MAPMTs containing the digitalized pulses in binary
form is recorded into a cycle memory, one for each MAP-
MT, of appropriate depth. The discriminator is fast enough
to disentangle double hits with a resolution of less than
10 ns. Trigger logic assures the suppression of accidental
coincidences due to the NSB diffuse light; this logic is
implemented on sectors of 16 x 16 pixels and with sector
overlap of 8 pixels pitch in the left, right and diagonal
directions, corresponding to 81 equivalent sectors. A trig-
ger is generated when a more than a certain number of pix-
els has a signal.

3. The simulation chain

In order to study the response, in terms of trigger effi-
ciency, for the two specified approaches, detailed simula-
tions were needed. A set of simulated gamma showers at
fixed energy was produced and the Cherenkov light was
processed through the optical system to the camera in the
focal plane; a signal pulse simulation module was then
developed, as well as an ad hoc Monte Carlo simulation
code for the estimation of NSB for the A and D configura-
tions. When dealing with real instruments, accidental trig-
gers due to NSB require special attention: setting a realistic
telescope trigger threshold avoids the potential blindness of
the detector caused by an excessive dead time. Once the
operating trigger thresholds for the two configurations
have been obtained, simulated showers were processed by
a further simulation module incorporating the trigger algo-
rithms described in Section 2 and with the calculated trig-
ger threshold as input. Such a simulation chain allowed
us to provide results in terms of trigger efficiency for a sin-
gle telescope and for a 3-fold coincidence telescopes array
for both the A and D configurations.

3.1. Air showers

The CORSIKA simulation code [11] has been used to
generate the Cherenkov light, at level of single photons, from
gamma induced air showers detected at 2150 m asl; the
effects of the atmosphere and a set of detector parameters
values were included; in particular: atmosphere transpar-
ency, optics PSF and efficiency and MAPMT quantum effi-
ciency as a function of the Cherenkov photon wavelength,
and a constant reduction factor to take into account light
guide transparency and photomultiplier collecting efficiency.

The CORSIKA code (version 6.5, with QGSJET [12,13]
as high-energy hadronic interaction model) was applied
using its option CERARY so to obtain a set of physics sim-
ulation data common to both the A and D configurations,
leaving to a further step (see Section 3.2) the inclusion of
the parameters specific of each configuration. Furthermore,
to increase the sample statistics, we moved each array
along a number of randomly chosen positions within a
square of 800 m side length. In CORSIKA, this corre-
sponds to moving the shower core location with respect
to the center of the array; and we can use a same shower
many times during the trigger and analysis phase.

A consistent set of vertical gamma-induced showers has
been simulated, for a total of 220,000 showers at 0.3 TeV,
and 20,000 at each of the remaining primary energies:
0.5, 1, 2, 5 and 10TeV. The CORSIKA simulated
gamma-induced showers were further enriched by Poisso-
nian NSB noise uniformly distributed in the camera pixels.

3.2. Pixel signal

Depending on the mode of operation, the signal pulse
simulation is clearly different. For the single photon count-
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ing mode, the setting of the discriminator threshold is suf-
ficient to determine the counting efficiency, irrespective of
the number of pes forming the pulse (the counting effi-
ciency is close to 95%, see Appendix) whereas, for the ana-
log mode, the measurement of the single pe mean charge is
required.

Pulse generation is, however, a common step to both the
configurations. Taking into account the nominal character-
istics of the R7600 MAPMT (gain, anode pulse rise time,
transit time spread, dark count and noise factor), the signal
pulse has been simulated according to the photomultiplier
equivalent circuit equation (as response to a fast exponen-
tial decay transient stimulus with time constant z):

— T et o] )

T— T,
where V,(¢) is the output signal in Volt, G is the gain, N re-
fers to the number of photoelectrons, e, is the elementary
charge, and = RC is the output circuit time constant.
The relative variance of the anode pulse (effect of dynodes
multiplication noise) has been statistically introduced, as
described in Appendix. In addition, white noise (electronics
noise) has been incorporated to complete the pulse genera-
tion simulation.

It is good practice to study the single electron response
(SER), i.e. the response to a single primary electron for a
given photomultiplier. The SER depends on the character-
istics of the photomultiplier used and measures the capabil-
ity to resolve a single pe. Moreover, the characteristic
differential pulse height spectrum allows to extract the
required information on the mean pe charge, Q,., expressed
as:

Vo(t)

— qZ:’:1Ch,N,
Qpe = EVI N,
i=1""1

with ¢ corresponding to the channel charge resolution,
Ch; (i=1,...,n) the ADC channels, and N; (i=1,...,n)
the associated counts of the ith channel. Without entering
in the details of the simulation and SER measurement tech-
nique (see Appendix for more details), we show in Fig. 3
the SER simulated output and, for comparison, the SER
as measured in the laboratory [14] for a pixel of the consid-
ered MAPMT, after dark current subtraction. As shown in
Fig. 3, the simulated spectrum reproduces faithfully the
measured one, leading to a difference less than 5% between
the mean charge values.

The sampling of the anode signal with the FADC
(1 GHz to 10 bits) is then performed and the resulting num-
ber of equivalent pes is obtained by means of a conversion
factor making use of the mean charge as found by SER
analysis. Fig. 4 summarizes the simulation steps involved
in the pixel pulse conversion from analog to digital. Using
the superposition principle, single pes arriving at the pixel
with their own relative times (from CORSIKA simulation)
are converted in voltage pulses, inverted and summed; esti-
mated electronics noise is also added at this stage. The
summed signal is then shaped and sampled by the FADC.

(2)
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Fig. 3. Comparison of the simulated and measured single electron
response spectra.

The value of equivalent pes, obtained by summing up the
FADC bins and dividing the total sum by the number of
ADC counts per pe, is then recorded.

For each pixel in the focal plane we assume gain unifor-
mity among all the anodes® (~30% measured value), no
cross-talk between adjacent pixels (~4% measured value),
and no afterpulses (~2% measured value). In the case of
A, the grouping of 2 x 2 channels (as indicated in Section
2.3) is performed to obtain larger pixels than in the D
camera.

3.3. Night sky background

The night sky background (NSB) and its intrinsic fluctu-
ations are a considerable source of noise. Poisson fluctua-
tions of the NSB light cause undesired accidental
coincidences that have to be accounted for in order to opti-
mize the trigger threshold. As described in Section 2, the
telescope trigger of both the A and D configurations is
based on fast pattern recognition of overlapping sectors
with selection criteria specific to the assumed configuration.

In the case of array A, the trigger logic will search for a
coincidence in the defined GTU of > n pixels per sector
with pixel threshold > m equivalent pes whereas, for the
D configuration, a coincidence of > n pixels per sector is
required to trigger an event. It is worthwhile underlining
that, even though the trigger logic is based on the same
principle, an evident difference exists between the two
cases. In fact, system A uses simultancously pixel position
information (x,,y,) and its signal intensity while system
D uses only the pixel position information due to the lack
of information on pixel signal intensity resulting from the

2 Actually, gain uniformity as reported by Hamamatsu and as measured
in lab, is of the order of 1:3. For SPC, gain non-uniformity can be handled
designing a front-end electronics capable to set discriminator trigger
thresholds for each channel so to adjust, during the calibration phase, all
the threshold levels at the lower pixel threshold observed. This is not so
straightforward for charge integration.
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Fig. 4. The pixel signal simulation steps. (a) Single pes belonging a pixel are individually converted to a voltage pulse according to Eq. 1 and noise factor
(NF) variance and inverted. Individual pes arrival times are taken by CORSIKA and fluctuated in agreement with the characteristic PMT transit spread
time. (b) Pulses are summed. At this stage electronics noise is summed too. (c) The signal is cleaned from high frequency component by means of a filter.
(d) Signal is sampled by a 1 GHz to 10 bit FADC. The sum of the sampled signal, converted in Volt, and divided by the pe equivalent value ¥ . (7, o Op)

gives the number of equivalent pes per pulse.

binary mode adoption (every pixel that will detect 1 pe or
more will be always set to 1, otherwise to 0). Limiting the
NSB ““fake triggers” to a reasonable rate prevents overload
of the data acquisition electronics and confined dead time
to below a few percent. To define operational parameters
of the trigger, the maximum tolerable rate has been deter-
mined for each telescope by a Monte Carlo study. The NSB
simulations take into account the focal plane geometries
and the specific size of the pixels. The mean pe probability
per pixel per GTU is calculated as:
NSBpixel = <NSB> ' Aoptics ' Qpixel -GTU - Etot (3)
where (NSB) = 2200 photons sr™' m~2 ns™! (in the 300
600 nm wavelength band) is the averaged night sky back-
ground, Agpiics = 3.5 m? is the optics collecting area,
Qpixel = 1.6 X 107 51 (D), Qi = 6.4 x 10 % sr (A), GTU =
10ns and & =6.5%, the latter obtained by convolving
optics, light guides and photomultiplier detection efficien-
cies (quantum efficiency plus collecting efficiencies). From
the above formula, the resulting mean values of pe/pixel/
10 ns due to the (NSB) are 0.032 for configuration A and
0.008 for D configuration, respectively.

Random values drawn from a Poisson distribution with
these mean values are used to distribute the number of

resulting pes uniformly on all the pixels of the whole focal
plane, for each GTU.

For configuration A, the number of pes in each pixel is
converted into pe equivalent signal, following the proce-
dure described in Section 3.2. For configuration D, each
of the discriminated signals belonging to the pixels with
one or more than 1 pe is set to 1 pe (“pixel-on”) according
with the binary mode operation. The pattern recognition
algorithms, with the appropriate parameters, finally make
a search for coincidences. A visualization of a snapshot
of the focal plane pixels for both the configurations is
shown in Fig. 5. The results for accidental coincidences
are based on a statistics of 10 million simulated back-
ground events repeated for both configurations.

Fig. 6, top panel, shows the NSB single telescope acci-
dental trigger rate as function of the pixel threshold for a
required multiplicity of at least 3 pixels per sector; the pixel
gain fluctuations (£6% around the mean value of o,,, as
detailed in Appendix) are also shown. The simulations
have been carried out by applying the average value of
g, corresponding to 0.43. Fig. 6, bottom panel, shows
the NSB accidental trigger rate as function of the pixels
multiplicity per sector.

According to these outcomes, the single telescope rate
trigger has been set to 200 Hz for both the configurations,
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Fig. 5. Snapshots of the focal plane pixels for A (on the left) and D (on the right) configurations. Grids represent how the MAPMTs are mapped on the
focal planes. The color bar (continuous for A and discrete for D) indicates the pe multiplicity. The red point (multiplicity 2) appearing on the right figure
(D configuration) will be set to “1”, before run the pattern recognition. Note the different size of pixels between A and D configurations. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. The single telescope rate as a function of equivalent pes threshold
for a sector threshold >3 pixels (top panel), and as a function of the sector
pixel threshold (bottom panel). The horizontal dotted line indicates
200 Hz rate. The dashed regression lines are the values obtained by
analytical calculation. Statistical error bars are smaller than the symbols
size.

about a factor 2 of the expected hadron trigger rate. This
means that a sector with at least 3 pixels, with threshold
of 2.55 equivalent pes (A) and a pixels-on threshold of 14
(D) will be required in order to have the same accidental
rate due to NSB.

4. Results

In this section results are presented both for the case of
one single telescope and for a 3-fold telescopes coincidence
with the layout shown in Fig. 1. Trigger efficiencies are
reported for both the cases and for configurations D and
A using the threshold values estimated in Section 3.3. To
check the quality of the trigger, triggered events has been
reconstructed. Hillas parameters [1] have been evaluated
and, as a representative figure for comparison, the value
at 68% of the Miss® parameter distribution has been deter-
mined. A graphical representation of the involved steps in
triggering and analyzing events is shown in Fig. 7 for the
same triggered event on a telescope.

4.1. Single telescope

The CORSIKA simulated gamma-induced showers and
the simulation chain described in Section 3.1 have been
used to assess the single telescope trigger efficiency in con-
figurations A and D. The obtained efficiency curves are
shown in Fig. 8. Table 1 summarizes the efficiency ratio
R = D/A between the two configurations.

The percentage of reconstructed events with respect to
the triggered events for each bin of energies related to the

3 The Miss is defined as the perpendicular distance of the centre of the
field (the source) from the major image axis.
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i}

Fig. 7. Triggered gamma shower and reconstructed ellipses for A (top) and D (bottom) configuration respectively. The raw images are shown at the left.
The regions of interest are selected by the pattern recognition algorithm (center). Hillas parameters are calculated fitting to ellipses the regions of interest
(right). The image is treated as a binary image with all non-zero pixels considered as 1 for D configuration whereas a weighted transform, with the
weighting given by the pixel intensity, is performed in case of A configuration.
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Fig. 8. Simulated trigger efficiencies for the D and A configurations.
Statistical error bars are smaller than the symbols size.

Table 1
Single telescope — trigger ratio between D and A configurations vs. energy

Energy (TeV)

Single trigger ratio Rgingle

0.3 3.40 £ 0.06
0.5 2.23 +£0.06
1 1.48 £0.03
2 1.61 +£0.02
5 1.51 £0.02
10 1.27 +£0.01

two configurations is reported in Table 2. Less than 1% of
the events were rejected by the reconstruction algorithm
applied to the two cases.

Table 2
Single telescope — percentage of reconstructed events vs. energy for the D
and A configurations

Energy (TeV) D (% reco) A (% reco)
0.3 99.8 99.2
0.5 99.8 100.0
1 99.8 99.8
2 99.6 99.9
5 99.7 99.8
10 99.8 99.8

The 68% value of the Miss distribution is shown in
Fig. 9 as a function of the energy.

The good agreement between the D and A curves indi-
cates that no bias was introduced, within the intrinsic pixel
resolution.
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Fig. 9. The Miss parameter (value at 68%) for D and A configuration in
case of one single telescope. At energy >0.5 TeV, the statistical error bars
are smaller than the symbols size.
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4.2. 3-fold Coincidence telescopes

In the case of the three telescopes in coincidence, the
ratio of the trigger efficiencies substantially increases. This
is what expected, due to the multiplicative contributions of
single trigger efficiencies (R3folq R;ngle). The obtained
trend is shown in Fig. 10, where the trigger efficiency for
configurations D and A is plotted as a function of the
energy. Table 3 reports the ratio between D and A calcu-
lated at the various energies.

Table 4 gives the percentage of reconstructed events
with respect to the triggered events for each bin of energies
considered and for both the D and A configurations. On
average, less than 1% of the triggered events were rejected
by the reconstruction software for D and A, respectively.
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Fig. 10. 3-Fold Trigger efficiencies as a function of energy. Statistical
error bars are smaller than the symbols size.

Table 3
3-folded Telescopes — trigger ratio between D and A configurations vs.
energy

Energy (TeV)

3-fold Trigger ratio Ri.fold

0.3 9.16+1.27

0.5 5.92+0.71

1 1.91 +£0.08

2 1.76 +0.05

5 1.60 + 0.04
10 1.39 +0.04
Table 4

3-fold Telescopes — percentage of reconstructed events vs. energy for the D
and A configurations

Energy (TeV) D (% reco) A (% reco)
0.3 99.4 100.0
0.5 99.4 100.0
1 99.8 99.8
2 99.8 99.9
5 99.7 99.8
10 99.7 99.9
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Fig. 11. Average values of the Miss parameter (68%) for D and A
configurations.

Fig. 11 shows the average values calculated at 68% of
the distribution of the Miss mean value obtained as arith-
metic mean of the individual Miss values of each of the
three images projected on the focal plane, as a function
of energy in both the D and A cases. Once again, the small
differences in the graph are within the intrinsic pixel
resolution.

4.3. Energy reconstruction and photo-electrons pile-up

Although energy reconstruction and resolution are
beyond the scope of this study (a specific paper will follow)
it is important to refer to the pes pile-up which could in
principle limit the resolving power of the SPC technique.
The effect could be relevant for the detection of Cherenkov
light, where a bunch of photons, typically within few ns, is
received in an area of less than 0.5 squared degrees, causing
unavoidable pes accumulation in the pixels.

It is clear that the pixel size is an important parameter
for maintaining the linearity within the demanded dynamic
range, as required by any experiment. An easy way to deal
with this problem could be to diminish as much as possible
the pixel size so to reduce the probability of pile-up, but
this is not always viable due the physical dimension of
light-sensors available on the market and to the consequent
rise of read-out channels leading to an increasing in com-
plexity and cost. A compromise is to keep the pixel dimen-
sion within what is available “off-the-shelf” on the market,
and try to correct statistically for the system non-linearity.
This, to a certain extent, can be applied as follows.

Let suppose, in first approximation, that N pes are uni-
formly distributed onto an area S, and that this area S is
divided in L equal parts. The average number of pes in each
part is: N/L and the probability to have 1 or more pes is:

P(=1)=1—-eM*

The total number of parts with 1 or more pes is then:
M=L-(1-e"h

that leads to:

N=-L-In(l-M/L)
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Knowing L (parts) and the measured value M (number of
pes), the “true” value N can be estimated.

Since the area of the event-image on the focal plane
changes depending on energy and distance of the shower
core from the telescope itself, a variable area S has to be
assumed, event by event. This area can be calculated as
the ellipse area defined by the measured Length and Width
of the shower image and subsequently, dividing it by the
known pixel area, in order to obtain L.

A more accurate formula for the correction of non-line-
arity, that does not require pes density to be uniform over
the ellipse areas, can be obtained imposing signals (pes)
Gaussian distributed in two dimension over the ellipse-
image area (Length and Width). Let be owign and orengm
the 68% of the measured Length and Width of the
ellipse-image and AX = AY the detector pixel size; then:

Ax2 L AY?
| = +r72_
‘Width  Length

represents the trial distribution function with k as normal-
ization factor. The equation for N can be therefore rewrit-
ten as:

N=—L-In(l —M-G/L)

G=kFk-e

1
2

Fig. 12 shows the scatter plot of the measured and cor-
rected number of pes as a function of the actual number
of pes (from CORSIKA) and the histogram of the devia-
tions between the actual counts and the corrected ones.
This approach has been applied to a data set of gamma-in-
duced showers of energy between 0.3 and 10 TeV with core
scattered over an area of 800 x 800 m? and selecting events
with numbers of pes ranging from 14 to 1000 over the el-
lipse area.

Table 5 shows the standard deviation of the distribu-
tions obtained binning, in pe’s size, the overall data set with
corresponding progressive bin values: 14-100, 101-200, etc.

1000

© Measured
® Reconstructed

#pes measured and reconstructed
=)
o

10 100 1000

# pes event-image (simulated)

Table 5
Standard deviation of the distributions [(simulated — reconstructed)/
simulated]

Bin (pe’s size)

a (%)

14-100 251403
101-200 199+04
201-300 20.24+0.6
301-400 182+0.7
401-500 21,1+ 1.1
501-600 238+£1.2
601-700 258+ 1.5
701-800 28.9£2.0
801-900 23.8+2.2

901-1000 19.1£2.1

4.4. Single telescope energy threshold and low energy
telescope

Making use of the above results and of a further set of
220,000 gamma-induced showers simulated at an energy
of 100 GeV, the expected energy threshold for each config-
uration can be calculated and compared.

Fig. 13 shows the differential rate for a Crab-like source
(at 0° zenith angle) for configurations D and A, in the case
of single telescope. The predicted rate is obtained multiply-
ing the effective area by the assumed differential spectrum
(power index = 2.49) at the simulated energies as marked
in the plots. It is evident that configuration D exhibits a
lower energy threshold with respect to the configuration
A: 365 and 460 GeV at the curve peaks, respectively. This
difference in energy threshold can be translated in terms
of difference in optics collecting area by fixing the same
energy threshold. If the total efficiency for both the systems
is kept identical, then it is possible to estimate the equiva-
lent optics area of the configuration D at the energy thresh-
old of the configuration A and vice versa. This relation can
be expressed as:

300

250 1

N
[=]
o

Frequency
&
o

50 1

0.
-100 -50 0 50 100

(simulated - reconstructed)/simulated [%]

Fig. 12. Scatter plot of the measured and corrected number of pes as a function of the actual number of pes (left), and histogram of the deviations (right).
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Fig. 13. Differential rate as a function of the energy for D and A
configurations. Energy threshold is defined at the peak of the curve.
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with Op the optics area of D system, Oa the optics area of
A system, Ey,, p and Ey, 4 the energy thresholds of D and A
configurations respectively. Substituting in Eq. 4 the
respective values of energy thresholds, a reduction of
~ 37% in the optics collecting area is achieved using the
SPC method.

As a direct consequence of this result, a hypothetical low
energy telescope (20-100 GeV) could be conceived. It

LOW ENERGY TELESCOPE
(Crab-like differential spectrum)
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Bl
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> 10"
(&)
g
©®
©
E 107
©
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1073 +— r r
10 100 1000
Energy [GeV]

Fig. 14. Differential rate as a function of the energy for the Low Energy
Telescope. The points onto the curve have been calculated by scaling.

Table 6

Low energy telescope — design specifications

Altitude (m) 2200

Optics total area (m?) 400

F number 1.2

Total FoV (°) 3.2

Number of MAPMT 750

Type of MAPMT Hamamatsu H9500 (16 x 16 pixels)
Pixel size 3.2 mm to 0.007°

MAPMT FoV (sr) 2.24 x 1077

should have, for an energy threshold of ~30 GeV, a mirror
dish of 400 m? highly pixelizated camera with suitable
front-end and trigger electronics. Fig. 14 shows the differ-
ential rate as a function of energy for a hypothetical tele-
scope layout based on SPC method and design
specifications defined in Table 6.

5. Discussion and conclusions

The performance of similar telescope layouts using dif-
ferent approaches for the front-end electronics has been
studied and compared at the level of the trigger efficiencies
and energy thresholds. The results obtained adopting SPC
for TAC instruments are remarkably encouraging. For a
single telescope and at the lowest energy, the predicted
enhancement of a factor greater than 3 with respect to
the analog mode assures a considerable increase in effective
area. The effect becomes more significant (a factor >9) in
the case of the three-telescope coincidence.

A big effort has been put in the verification of the accu-
racy of simulation and analysis for both the techniques.
Several tests and checks of the codes have been performed
in order to guarantee unbiased estimators in the compari-
son of the two methods within, naturally, the statistical
uncertainties. Pulse generation simulation and single elec-
tron response have been compared with actual experimen-
tal measurements. NSB has been evaluated using an “ad
hoc” Monte Carlo code and results verified by comparison
with analytical calculations and extrapolating actual exper-
imental data. Possible incoherences in trigger selections
have been ruled out analyzing the shower images making
use of the Hillas parameters. Comparison of the represen-
tative Miss parameter for the two methods, both for single
telescope and 3-fold coincidence, shows no evidence of any
bias. Conversely, for the same energy threshold, configura-
tion D allows a ~37% reduction in the optics collection
area.

Summarizing, the benefits of a telescope design based on
the SPC digital approach with respect to the analog one, are:

e lower energy threshold (with the same mirror area);

smaller mirror area (for the same energy threshold);

smaller telescope structure (for the same f~-number);

better pixel angular resolution due to smaller pixels;

simpler front-end electronics;

e feasibility of using high-pixelization devices (for exam-
ple, Hamamatsu H9500) avoiding light guides adapters.

While the drawbacks are:

e higher pixelization requiring a considerable number of
channels to manage;

e needs of integrate the front-end electronics in a custom-
ized application specific integrated circuit (ASIC).

The SPC technique is certainly worth of further studies
and experimental tests. A fundamental step for validating
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this technique will be carried out by the GAW [15,16] col-
laboration. The first of the three planned GAW telescopes
of 3.5 m? will be installed at Calar Alto (Spain) by the mid-
dle of 2008. The experimental measurements will allow to
check the results of the simulation studies and, certainly,
to learn more on this technique.

Appendix. Pulse simulation

The approach adopted in the present work consists of
using the actual measured single electron response (SER)
as an input to the Monte Carlo pulse simulation where
photoemission combined statistics can be expressed as the
relative variance in terms of single photon electron anode
pulse height voltage Vy. Pulses from a PMT, in pure
SER regime, have an amplitude variance proportional to
the gain variance Vg that in turn can be expressed as

Ve Vo

G?* (0

where the fractional variance ¥ /(Q)” is deduced from the
measured SER spectrum and (G) = (Q)/e. with e, the ele-
mentary charge. The voltage pulse height distribution is
obtained by varying the gain G in Eq. 1 as a Gaussian of
mean 0 and variance Vg(G)’.

The pulse height distribution for number of photo-elec-
trons greater than 1 is simulated using the superposition
principle. The resulting pulse waveform, including elec-
tronics noise, is then amplified and inverted, filtered, and
sampled with a 10 bit to 1 GHz FADC; a sketch of this
procedure is shown in Fig. 15.

Operative parameters

The PMT operative parameters used for the pulse simu-
lation are:

Gnd —
—=0.00

5.0 mw/div 2.0 ns/div

Gain: 1.58 x 10°

Ceq. (F): 10712

Req. (Q): 50

Pulse rise time (s): 1.5 x 107°

Dark current (A): 4 x 107"

Noise figure: 1.185

Transit time spread (ns): 0.6

FADC resolution (mV): 0.5
Amplifier: x10 (320 MHz bandwidth)

Crosscheck with experimental data

In order to test and verify the pulse simulation software,
a comparison with experimental result has been carried
out. The MINOS collaboration [17] has reported on mea-
surements of the gain efficiency, linearity, crosstalk and
dark noise of 219 MAPMT R7600-00-M64. The accurate
statistics performed on these PMTs shows several impor-
tant features; among them, an average crosstalk of about
4%, a dark noise rate of 260 Hz per PMT and a pixel gain
uniformity within 15-25%. Moreover, they have shown
that, using single-electron spectra, the average RMS width
of all the pixels was 43% 4 6% of the peak position. These
results have been confirmed, testing, in our lab, a reduced
sample of 6 MAPMTs. The incidence of after-pulses has
been also measured for the 6 PMTs. Less than 2% of
after-pulses per pixel are created in the time window
between 10 and 750 ns.

Digital mode

The comparison between measured and simulated pulses
of the single photon counting trigger efficiency as a func-
tion of the discriminator threshold is shown in Fig. 16.
The good performance of the measured trigger efficiency
is due to the greatest care and skill in design the front-
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Fig. 15. The pulse simulation: pulse shape (left) and its digitalization (right).
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Fig. 16. SPC trigger efficiency vs. discriminator threshold for measured
and simulated signal.

end electronics [18]. A value of 90% (10 mV) of trigger effi-
ciency has been introduced in the computation of the total
efficiency reported in Section 3.3.

Analog mode

The comparison of the average charge (Q) of SER mea-
sured spectra well agreed with the simulated ones within
5% for all considered spectra. Fig. 17 reports a measured
pulse height spectrum in unit of mV - ns, using a LeCroy
4 GS/s oscilloscope. In the same figure, the simulated pulse
height spectrum is superimposed to the measured one. In
this case, the pulse simulation gain parameter has been
set to G = 10° and the pulse distribution width to 0.43 of
the peak position as determined by arithmetic computation
of the measured SER.
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g. 18. The distribution of pes as result of the pulse analog conversion.

Finally, from the simulated gamma data set, the
response of the pulse simulation to multi-pes pulses has
been verified selecting, on the 40 x 40 pixels matrix, a sam-
ple of pixels exhibiting a multiplicity of 1, 2, 3, 6,10, 15 pes.
In correspondence of these pixels, the respective fractional
values in pe unit has been extracted and recorded. The
result of this analysis is shown, in graphical and numerical
form, in Fig. 18. The means (i) and the dispersions (o)
around the mean values of the multi-pes distributions result
consistent with the expected Gaussian distribution of stan-
dard deviation /(n) x a,, and mean n where 7 is the num-
ber of pes and g,, is the single pe standard deviation set to
0.43.

23-Apr-07
12:04:43

Reading Floppy Disk Drive

LeCroy

in 53051

1ns
5mV 500 16.060 pVs MAPMT-0022
3 10mv DC
4 trig only 2DC -1.3 mV . 4 GS/s
STOPPED

Fig. 17. Pulse height spectrum as seen at the oscilloscope; the simulated spectrum (bold line)is superimposed to the measured one.
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